[1] Off-line chemistry and transport models (CTMs) use meteorological information from a general circulation model (GCM) or from a data assimilation system (DAS) to calculate the evolution of stratospheric constituents. Here constituent fields from two CTM simulations are compared with each other and with observations from satellite, aircraft, and sondes to judge the realism of the tropical transport. One simulation uses winds from a GCM and the second uses winds from a DAS that has the same GCM at its core. A simulation using the GCM fields reproduces many observed features for O 3 , CH 4 , and the age of air. The same comparisons for a simulation using DAS fields show rapid upward tropical transport and excessive mixing between the tropics and middle latitudes. The assimilation system changes the temperature and wind fields to produce consistency between a GCM forecast and observations, behaving like an additional forcing has been added to the equations of motion and possibly leading to the unrealistic transport produced by the DAS fields. These comparisons highlight aspects of the transport in the lower tropical stratosphere, and suggest that while a CTM driven by DAS fields provides good short-term simulations when event-by-event comparisons with observations are desired, a CTM driven by GCM fields may be more appropriate for long-term calculations such as required to assess the impact of changes in stratospheric composition. 
Introduction
[2] As first discussed by Rood et al. [1989] , constituent evolution calculated using an off-line chemistry and transport model (CTM) that is forced by meteorological fields from a data assimilation system (DAS) will reproduce observed constituent variability if the advection scheme is sufficiently accurate that scheme numerics have little impact, the assimilation fields reflect the actual atmospheric state and the photochemistry in the CTM is realistic. Problems in each of these areas have been a dominant source of error. Allen et al. [1991] showed that a monotonic, upstream-biased differencing transport scheme gave superior performance in a CTM compared with a spectral transport scheme in common use at that time. Particularly notable was the ability of such a scheme to maintain correlations observed between long-lived constituents. In older versions of the Goddard Earth Observing System (GEOS) assimilation systems, the residual circulation diagnosed directly from the wind fields bore little resemblance to the residual circulation calculated from the heating rates, and the transport produced using winds from these systems was similarly deficient [Weaver et al., 1993] . The fields produced by improved assimilation systems have resulted in more realistic atmospheric transport [Coy and Swinbank, 1997] . ER-2 measurements of nitrogen species showed the importance of heterogeneous reactions on sulfate aerosols and led to major revisions in the CTM stratospheric photochemical mechanism [Kawa et al., 1993] . Current applications rely on fidelity between observed and calculated constituent evolution, and correct representation of both photochemistry and transport within the CTM. For example, Chipperfield and Jones [1999] used a CTM to quantify the relative contributions of transport and photochemistry to ozone changes in the lower stratosphere on seasonal and longer timescales.
[3] The approach of using DAS fields in CTMs and comparisons of simulated fields with observations to address issues concerning photochemistry and transport has become standard during the past decade. CTMs use winds from analyses produced by the United Kingdom Meteorological Office (UKMO) [Chipperfield et al., 1994 [Chipperfield et al., , 1996 , by the European Centre for Medium-Range Weather Forecasts (ECMWF) [Lefèvre et al., 1994; Deniel et al., 1998 ], and by the Goddard Earth Observing System Data Assimilation System (GEOS DAS) Douglass et al., 1997; Kawa et al., 2003] . CTM simulations have been used to interpret observations from different platforms, including aircraft Lefèvre et al., 1994] , satellite [Geller et al., 1995; Chipperfield et al., 1996] , balloon [Kondo et al., 1996] and ground-based instruments [Goutail et al., 1999; Chipperfield and Pyle, 1998; Chipperfield, 1999; Sinnhuber et al., 2000] . CTMs using DAS fields have been used to simulate transport and buildup of pollutants from hypothetical supersonic aircraft flying in the lower stratosphere [Weaver et al., 1996] . Several groups are using this approach for interpretation of observations of tropospheric aerosols [Chin et al., 2000; Ginoux et al., 2001] and constituents [Bey et al., 2001] .
[4] It is well known that the assimilation-driven CTMs reproduce observed synoptic and planetary scale variability of stratospheric ozone and other constituents at middle and high latitudes. However, good agreement of observations and simulation for a single tracer does not guarantee that the CTM transport represents the actual atmospheric transport. For example, Considine et al. [2003] demonstrated that horizontal and vertical transport in the high-latitude polar winter produce good agreement between observed and simulated values for vortex N 2 O throughout the northern winter 1999 -2000 but poor agreement for NO y which has different relative vertical and horizontal gradients. There are additional nagging problems as well. Douglass et al. [1997] and Chipperfield [1999] show poor representation of tracer gradients particularly between tropics and middle latitudes using the Goddard Space Flight Center (GSFC) CTM with winds from GEOS DAS and the SLIMCAT CTM with winds from UKMO, respectively. Both of these studies find that CTM ozone generally compares better with observations than do long-lived tracers, with the exception of a high bias between simulated and observed ozone in the summer high-latitude lower stratosphere. The weak tracer gradients between the tropics and middle latitudes are consistent with the results of Weaver et al. [2000] , who developed a climatology for the production of laminae in ozone profiles from ozonesonde profiles and found that the CTM driven by DAS fields produced excessive lamination in the subtropics.
[5] A CTM driven by DAS fields can be used to interpret observations of various constituents made from different platforms (e.g., balloon, aircraft, and satellite) for the specific meteorological conditions under which the measurements are made. However, a primary application for atmospheric models is to predict the future condition of the atmosphere, and assess the importance of natural and anthropogenic changes in atmospheric composition to stratospheric ozone. Assessment calculations often require long integrations, and cumulative errors in transport and chemistry impact the calculation severely. Thus the requirements for model performance are stringent. Ideally, the model ozone evolution will match observations because the relative contributions of transport and photochemical processes to the ozone tendency are represented correctly. It is also necessary that the balance among photochemical processes be represented correctly [Wennberg et al., 1994] . Comparisons of output from long integrations with observations of reactive constituents such as ozone and long-lived constituents such as CH 4 may be made to determine if model balances are realistic.
[6] Previously, Douglass et al. [1999] found that the transport produced by a CTM driven by winds from a version of the Middle Atmosphere Community Climate Model was superior to that produced using the same CTM with winds from a different GCM or using winds from the STRAT version of the GEOS DAS (see Table 1 ). This judgment relied on data based diagnostics that could be applied to constituent fields from any three-dimensional model. The uncertainties in the assessment calculations that are introduced by poor agreement of various aspects of constituent transport in the face of ''good agreement'' for other aspects of transport are difficult to quantify.
[7] The mean age of stratospheric air, the mass weighted average of the transit times from the tropical tropopause to any given location, is a sensitive diagnostic of model transport which reflects the quality of the global circulation [Hall and Plumb, 1994; Hall et al., 1999] . Calculations of mean age were compared with the age determined from observations of SF 6 and CO 2 as part of Models and Measurements Intercomparison II [Park et al., 1999] . Hall et al. [1999] show that in most models, the age of air in the middle and high-latitude lower stratosphere is too young, indicating that the overall model circulation and mixing are too rapid. Schoeberl et al. [2003] use trajectory calculations with meteorological input from assimilation systems and a GCM to show how horizontal mixing and vertical transport characteristics of the meteorological fields impact the age spectrum, i.e., the distribution of parcel transit times that comprise the mean age. The age spectra computed using winds from a GCM differ from spectra calculated using DAS fields. The latter are too broad as a result of too much exchange between the tropics and midlatitudes and too much vertical dispersion. Schoeberl et al. [2003] also found that despite their unrealistic age spectra, the DAS fields produce an appropriate tropical mean age because excessive vertical dispersion offsets midlatitude mixing. [8] The young values calculated for age of air and the results of Schoeberl et al. [2003] are consistent with the problem that CTMs with DAS winds produce tracer gradients between the tropics and middle latitudes that are weaker than observed. This lack of agreement between CTM and observations is reported by Douglass et al. [1997] , using the GSFC CTM with meteorological fields from GEOS DAS, and by Chipperfield [1999] , using the SLIMCAT CTM and meteorological fields from UKMO. These CTMs take different approaches to calculating vertical transport. In the GSFC CTM, the vertical velocities are calculated from the horizontal divergence by requiring continuity. In the SLIMCAT CTM, the vertical transport is calculated from diabatic heating. Waugh [1996] used contour advection with meteorological fields from GEOS DAS, UKMO, and NCEP to examine isentropic transport from the tropics to the middle latitudes, and found that the different meteorological fields produced similar transport. The problem of too much exchange between the tropics and midlatitudes seems to be endemic.
[9] This study will focus on simulations using the GSFC CTM driven by meteorological fields from two sources. These are the Finite Volume General Circulation Model (FVGCM) and the Finite Volume Data Assimilation System (FVDAS), a version of the GEOS DAS that uses the FVGCM at its core. All aspects of the CTM are identical except the input meteorological fields, thus the comparisons between model fields and observations comprise a controlled experiment designed to determine the effect of the assimilation process on the transport. Simulations using the CTM driven by fields from FVGCM (FVDAS) are designated CTM FVGCM (CTM FVDAS ). CTM results are compared with observations from several sources described in section 2. The CTM and a short description of the meteorological data sets used to drive it are described in section 3. Section 4 considers comparisons of CTM fields with observations, focusing primarily on the lower tropical stratosphere. Comparisons of observations of methane and ozone with results from the two simulations provide a means to untangle contributions of transport and photochemistry to ozone in the lower tropical stratosphere. Conclusions are given in section 5.
Data
[10] The observations used in this study are from four sources described briefly in the following subsections.
Total Ozone Mapping Spectrometer (TOMS)
[11] Total ozone data used here are taken from the TOMS instrument launched on the Earth Probe Satellite in July 1996. The data are processed with the TOMS algorithm version 7 and are described by McPeters et al. [1998] . Time series of zonal mean TOMS data are compared with CTM values in section 4 to provide a global context for the seasonal migration of the latitudes of strongest upwelling.
Halogen Occultation Experiment (HALOE)
[12] Russell et al. [1993] describe the HALOE instrument that has measured profiles of ozone and other important gases using solar occultation from launch of the Upper Atmosphere Research Satellite (UARS) in fall of 1991 until present. Approximately 15 sunrise and sunset profiles are measured daily at each of two near-constant latitudes. Profiles for ozone and methane used here are retrieved using algorithm version 19. Vertical resolution for ozone profiles is about 2 km; the ozone mixing ratio error estimates for version 17 are $10% between 50 and 1 hPa, and $30% at 100 hPa [Brühl et al., 1996] . The vertical resolution for methane profiles is about 4 km; between 50 and 0.2 hPa the total error for version 17 is less than 15% [Park et al., 1996] . The differences between CTM fields and observations will be explored by organizing the HALOE observations to emphasize seasonal and spatial variability in the tropics and subtropics. A typical scan of the sampling latitude for HALOE sunrise or sunset observations is shown in Figure 1 . There are about 25 similar periods during 1998 and 1999 when the latitude for sunrise or sunset observations on successive days sweeps from about 30°in one hemisphere to 30°in the other hemisphere. Such a scan will be referred to as a sweep. Each day during a sweep, HALOE measures as many as 15 profiles. The latitude change during a single day is typically 3°-5°.
Southern Hemisphere Additional Ozonesondes (SHADOZ)
[13] Thompson et al. [2003] identify participating stations and describe the ozone and temperature profiles that are available through the SHADOZ network. This data set is ideal for the comparisons used here. Ozone and temperature profiles are usually reported more than once per month at participating stations. Data from 13 stations are grouped by latitude for comparison with CTM fields as discussed in section 4. The SHADOZ temperatures are not used in the assimilation system, thus comparisons between SHADOZ, FVGCM, and FVDAS temperatures show how well the assimilation process eliminates any biases between the GCM temperatures and observations. This is not possible Figure 1 . The locations of HALOE observations between 980314 and 980324 are superimposed on ozone at 46 hPa on 20 March from CTM FVGCM to provide a sense of the temporal change in the HALOE sampling latitude and also a sense of the horizontal extent and variability of the ozonemixing ratios in the tropics (dark shading, about 2 ppmv) and subtropics (light shading, up to 4 ppmv). A group of measurements for which latitude progresses from about 30°l atitude in one hemisphere to the same latitude in the opposite hemisphere on successive days is called a ''sweep.'' with HALOE temperatures because the temperature profiles reported with HALOE constituent profiles are taken from the National Center for Environmental Prediction (NCEP) analyses below 35 km. NCEP and FVDAS analyses rely on the same temperature observations, thus comparisons in the lower stratosphere between temperature profiles from HALOE and FVDAS are not independent. The high-resolution profiles of lower stratospheric ozone are also ideal for use in this paper. The temporal and spatial range sampled by the SHADOZ stations is sufficient to resolve features like the seasonal migration of the latitude of deepest upwelling seen in TOMS and HALOE data.
ER-2
[14] In situ observations of ozone [Profitt et al., 1989 ] and reactive nitrogen (NO y ) [Fahey et al., 1989] were made during March and October 1994 from the ER-2 near 20 km as part of the 1994 Airborne Southern Hemisphere Ozone Experiment/Measurements for Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) campaign. The data show that the interior of the tropics between 50 and 70 hPa is isolated from the middle latitudes [Fahey et al., 1996] . The gradient in the observed ratio NO y /O 3 is weaker at middle latitudes and sharper in the subtropics than the gradient of either NO y or O 3 . The ratios NO y /O 3 calculated from the CTM driven by FVDAS and FVGCM will be compared with the observations.
Goddard Space Flight Center Chemistry and Transport Model (GSFC CTM)
[15] The GSFC CTM solves a coupled set of constituent continuity equations. Winds and temperatures needed for transport and photochemical reaction rates are input to the CTM, thus there are no feedbacks between constituents such as ozone and the meteorological fields. Photochemical production and loss are calculated using the stratospheric photochemical scheme described by Kawa et al. [2003] . The principal source to the upper troposphere of gases such as ozone and nitrogen species in the CTM is transport from the stratosphere. Below 500 hPa, the CTM ozone is relaxed to a zonal monthly climatology developed from ozonesondes 1988-1998. Numerical transport is calculated using a scheme described by Lin and Rood [1996] . A 15-min time step is used for transport and photochemistry. The photolysis rates are calculated using temperature-dependent cross sections [Jet Propulsion Laboratory (JPL), 2000] and reduced fluxes that are interpolated using a table lookup based on detailed radiative transfer calculations [Anderson and Lloyd, 1990] . The photolysis rates calculated in this way agree with the photolysis benchmark that was developed as part of the Atmospheric Effects of Aviation Project [Stolarski et al., 1995] .
[16] Meteorological input may be taken from a general circulation model (GCM) or from a DAS. The GCM produces fields that satisfy the equations of motion, which include the tendencies, the resolved fluid dynamical transport, and the physical parameterizations. A DAS combines information from observations and a GCM to produce meteorological fields that are drawn to the observations. A forecast is calculated using the GCM for a fixed interval. This forecast is combined with observations to produce the assimilated fields, which becomes the initial condition for the next forecast. The impact of melding the observations with the GCM behaves as an additional physical forcing term in the equations of motion. The extent of the impact of this forcing term depends on how accurately the GCM prediction represents the observations as well as the consistency of the observations from different data sources with each other. Both bias and noise will impact the quality of the assimilation. The conventional implementations of data assimilation theory assume that the observations and GCM predictions are unbiased with Gaussian distributed random errors. Experience shows that there are persistent biases between GCMs and observations [see Dee and da Silva, 1998 ]. This work investigates how the transport produced by the resulting meteorological fields differs from that produced by the GCM as a result of the implicit physical forcing that alters the forecast fields toward the observations.
[17] Note that it is more difficult to perform an accurate analysis in the tropics than in the middle latitudes. The weakening of the geostrophic balance in the tropics tends to decouple the wind and thermal fields. Therefore temperature observations, the most common type of observation assimilated, do not strongly constrain the wind field. In addition, tropospheric influences on the lowermost tropical stratosphere can be closely related to small-scale physical processes as well as to the relatively well-resolved largescale waves. The failure to represent these processes, or the misrepresentation of these processes, leads to a bias between the model and observations.
[18] The FVGCM, which was developed in collaboration with the National Center for Atmospheric Research (NCAR), uses a flux-form semi-Lagrangian transport scheme [Lin and Rood, 1996, 1997] and a quasi-Lagrangian vertical coordinate system [Lin, 1997] to ensure accurate representation of transport by the resolved-scale flow. The FVGCM has a horizontal resolution 2°latitude by 2.5°l ongitude, extends to 0.01 hPa, and the daily averaged product is available to the user. Physical parameterizations in the current version of the FVGCM are from the version 3 of the NCAR Community Climate Model (CCM3) described by Kiehl et al. [1998] .
[19] Various versions of GEOS DAS have been used in past applications of the GSFC CTM (e.g., GEOS-1 (UARS) by Douglass et al. [1997] ; GEOS-1 (STRAT) by Douglass et al. [1999] ; GEOS-3 (Terra) by Kawa et al. [2003] ). Improvements in the assimilation system have been accompanied by improvements in the CTM transport. Important aspects of the previous GEOS assimilation systems and the prototype system FVDAS (GEOS-4) are summarized in Table 1 . The horizontal resolution and number of levels differ among the different systems. All systems in Table 1 except FVDAS used incremental analysis update (IAU) [Bloom et al., 1996] , a scheme which accounts for the implicit forcing that eliminates the difference between the model forecast and observations at the time of the analysis by repeating a portion of the forecast and including a fraction of the forcing at each time step. The FVDAS uses an intermittent assimilation technique [see Daley, 1991] that is better suited for more frequent insertion of observations, which is planned for future systems. The systems also differ in how they use observations. All systems except FVDAS use retrieved temperatures from TIROS Operational Vertical Sounder (TOVS); the FVDAS uses TOVS-Level-1b radiances [Joiner and Rokke, 2000] . The TRMM, Terra, and FVDAS systems all use the Physical-space Statistical Analysis Scheme (PSAS) [Cohn et al., 1998 ].
[20] A fundamental difference among the DAS systems is that the GEOS GCM that was used at the core of all prior systems is replaced by FVGCM in FVDAS. Figure 2 compares potential vorticity (PV) between 30°S and 30°N at 50 hPa calculated using fields from the Terra system with PV from FVDAS. The Terra PV is much noisier than the FVDAS PV, although similar features are recognizable in both fields. The Terra PV smoothed to the same horizontal resolution as FVDAS is still much noisier than the FVDAS PV (not shown). Because the PV from FVDAS is much smoother than the PV from Terra, we anticipated less horizontal mixing and more realistic horizontal gradients in the CTM driven by winds from FVDAS than was produced in the CTM driven by winds from Terra, particularly between the subtropics and middle latitudes.
[21] CTM calculations have been completed using meteorological fields from FVGCM and from all of the GEOS data assimilation systems. Comparisons of ozonesonde data with CTM ozone fields using different versions of GEOS DAS, given in the following section, show that ozone from the CTM using FVDAS winds is closer to observations than that computed using winds from older assimilation systems. Because this paper focuses on changes in transport that result from the insertion of data during assimilation, most comparisons with observations will utilize output from the CTM driven by FVGCM (termed CTM FVGCM here) or FVDAS (termed CTM FVDAS here).
Comparisons With Observations
4.1. Temperature, Mean Age, and Tropical Isolation
[22] Most stratospheric observations used in the assimilation system are observations of temperature. There are a small number of wind observations from the radiosonde network. The zonal monthly mean temperature fields for January 1998 from FVDAS and the difference between FVDAS and FVGCM for 45°S-45°N are given in Figure 3 to provide a sense of the horizontal and vertical extent of the temperature differences. The FVGCM is warmer in the tropical lower stratosphere than FVDAS. In other regions, the FVGCM is cooler. Time series of the differences of zonal mean temperatures and zonal mean zonal wind from FVGCM and FVDAS at the equator between 100 and 10 hPa are given in Figures 4a and 4b . The temperature and wind differences both have the characteristic shapes of the quasi-biennial oscillation (QBO). The QBO is not represented in the FVGCM, which has persistent easterlies in the tropics. This figure also shows that the spatial and temporal differences between the FVGCM and the FVDAS vary. The QBO signal is indicative of the systematic forcing that comes from the insertion of the observations. Successful representation of the QBO in the GCM may not eliminate all bias. Note that any source of bias will have an impact on the transport characteristics of the assimilation through induced circulations responding to implicit forcing as discussed in the preceding section.
[23] It is important to note that the assimilation produces wind and temperature fields that exhibit the relationships in Figure 2 . PV at 50 hPa is given (a) from the Terra system and (b) from the FVDAS system. Main features are similar, but the FVDAS PV field is much smoother than from Terra. large-scale atmospheric flow expected from dynamical principles. Since the primary direct changes produced by the assimilation are seen in the temperature equation, it is not intuitive that the assimilated wind estimates reflect such relationships as geostrophic balance. In practice, assimilated winds and temperatures exhibit appropriate geostrophic balance outside the tropics. In the tropics geostrophic balance weakens, however, the equatorial thermal wind relationship (equation (1)) is expected to hold
Here u is the zonal wind, T is the temperature, subscripts y and z indicate the partial derivative with respect to latitude and altitude, respectively, R is the dry air gas constant, H is the scale height (7 km), and b is the rate of change of the Coriolis parameter with latitude. The overbar indicates the zonal mean. Time series for " u z and À(R/bH) " T yy calculated using monthly mean zonal wind and temperature are shown for FVDAS fields in Figures 4c and 4d . The two terms tend to balance each other with the same degree of balance as calculated from the FVGCM simulation (not shown). The FVDAS assimilation system produces temperature and wind fields that are systematically different from the FVGCM field that will be demonstrated to be more accurate than those from the FVGCM through comparisons with observations not used by the assimilation system. The winds and temperature from the assimilation reflect the balances expected in large-scale flows. It will be shown below, however, that there are significant errors in the transport calculated using FVDAS winds.
[24] The temperatures produced by the assimilation system T FVDAS and the temperatures from FVGCM T FVGCM are compared with temperatures measured by SHADOZ sondes (T SHADOZ ). T SHADOZ are not used in the assimilation system. Histograms of the T SHADOZ -T FVGCM and T SHADOZ -T FVDAS at 46 hPa are shown in Figure 5 . The mean difference T SHADOZ -T FVDAS is À0.11 K compared with the mean difference T SHADOZ -T FVGCM of À2.13 K. The standard deviation of the distribution for T SHADOZ -T FVDAS (3.03 K) is smaller than that of the distribution T SHADOZ -T FVGCM (3.52 K). The assimilation system corrects differences between the observations and the GCM forecast through forcing that is added to the equations of motion. This forcing can be considered an artificial source of heating and momentum that will be accompanied by changes in transport.
[25] Comparisons of mean age and the isolation of the tropics from the middle latitudes from CTM FVGCM and CTM FVDAS illustrate the changes in transport. As discussed by Hall et al. [1999] , the mean age at a location in the stratosphere for a constituent such as SF 6 with a steady tropospheric trend is the difference between the time of a measurement and the time in the tropospheric time series when the measured value matches the troposphere value. The age of air is determined using CTM FVGCM and CTM FVDAS simulations of SF 6 . The integration was continued until (1) calculated for zonal mean temperature. The implicit forcing derived from the observations through the assimilation system to produce the QBO signature in the temperature and wind fields from FVDAS represents physical processes that are absent from FVGCM.
comparison of successive years showed that the age distribution had converged (9 years of simulation for CTM FVGCM and 5 years of simulation for CTM FVDAS ). Results are shown in Figure 6 . There are large differences between these two calculations. The stratospheric air is much younger for CTM FVDAS than for CTM FVGCM . Above 25 km, the age of air for CTM FVGCM changes much more rapidly between the middle latitudes and the tropics than that for CTM FVDAS . Observations suggest that at 65°N the mean age should be between 4 and 5 years at 20 km. Here the age of air from CTM FVGCM is close to 4 years, compared with less than 2 years from CTM FVDAS . The mean ages from CTM FVGCM are closer to observations between 15 and 30 km at all latitudes than those produced by most models participating in Models and Measurements Intercomparison II [see Figure 5 of Hall et al., 1999] . The mean ages from CTM FVDAS fall within the range of most models reported by Hall et al. [1999] . Note that the mean age is also sensitive to advection numerics, resolution, and choices such as use of instantaneous winds rather than time average or an online calculation [Eluszkiewicz et al., 2000] . Schoeberl et al. [2003] show significant differences in age spectra calculated from the same wind fields using diabatic trajectories, kinematic trajectories, and a CTM. Their result shows that it is important to use the same methodology to compute age of air when comparing calculated ages. The methodology may affect the comparison of results from either calculation with observations, but will have little impact on comparisons between the calculations. The differences between the age distributions in Figure 6 result solely from differences in the transport produced by the FVDAS and FVGCM winds.
[26] Fahey et al. [1996] show that the sharp gradient in the ratio NO y /O 3 calculated from distributions of NO y and O 3 measured from the ER-2 as part of ASHOE MAESA marks the boundary between the inner tropics and middle latitudes, and reported poor agreement of the observed horizontal gradients with those produced by two-dimensional models available at that time. Modeled NO y and O 3 fields in the lower tropical stratosphere are sensitive to the balance between photochemical production, upwelling, and horizontal transport and mixing. The ability of a model to represent the observed horizontal gradient of NO y /O 3 has become a standard metric of transport quality. Improved agreement was obtained in two-dimensional models when mixing (horizontal diffusion) was reduced to emulate the tropical pipe, a conceptual model developed by Plumb [1996] . The time series at 500 K of the zonal mean ratio NO y /O 3 are shown in Figures 7a and 7b . The contrast between the subtropics and middle latitudes is much greater in CTM FVGCM compared with CTM FVDAS .
[27] The latitudinal gradients (Figures 7c and 7d) highlight the difference in isolation suggested by the larger contrast in the CTM FVGCM . The CTM FVGCM figure shows a narrow region of low gradient close to the equator. Bands of high gradients are centered around 15°north and south latitude. Poleward of these bands the gradients decrease. In CTM FVDAS , there is also a region with low gradients near the equator. However, this region extends away from the equator, and especially in the Northern Hemisphere shows a strong seasonal behavior connected with high latitudes. The region of maximum gradient is not distinct, and the largest gradients in the figure are occasionally found poleward of 20°. Air from the equator and air from higher latitudes are more strongly mixed in the CTM FVDAS than in the CTM FVGCM . In both CTM FVGCM and CTM FVDAS , there is a poleward extension of the region of small gradients to higher latitudes during Northern Hemisphere autumn. Fahey et al. [1996] note this behavior in the ER-2 observations.
[28] The NO y and O 3 from CTM FVGCM and CTM FVDAS are interpolated linearly in latitude, longitude, and log pressure in the vertical, to compare the ratio NO y /O 3 directly with the ER-2 data taken on 20-29 March 1994. Figure 6a but using CTM FVGCM . The age calculation converges after 9 years integration. The contour interval is 0.2 years; the 2-year contour is bold for both panels.
These results, along with the zonal mean NO y /O 3 from the CTM at 56 and 67 hPa, are shown in Figure 8 . The results for CTM FVGCM are shown for a single March; there is little interannual variability. The apparent sharp boundary at 18°S reflects the vertical gradient of the ratio between 50 and 65 hPa and will be ignored. The CTM FVGCM ratio reflects most of the features of the observations. The agreement with observations is distinctly better for CTM FVGCM than CTM FVDAS in the Northern Hemisphere. The observations and CTM FVGCM imply homogeneous tropics with a rapid transition to a less-homogeneous middle latitude regime. There is a single flight that shows near-tropical values extending into the northern subtropics. Such behavior is not simulated in the CTM FVGCM . The CTM FVDAS is shown for both 1998 and 1999 to illustrate sensitivity to the QBO. During the westerly phase (1999), the transition between tropics and middle latitudes is nearly flat. There is a weaker than observed transition during the easterly phase (1998). Assuming that the NO y /O 3 measurements provide a robust diagnostic of transport, these results suggest significant errors in the tropical and subtropical transport processes in the CTM FVDAS .
Comparisons of CTM Total Ozone With TOMS Observations
[29] Total ozone observations provide high horizontal resolution global coverage and are routinely used to evaluate modeled transport. Column measurements of ozone provide integrated vertical information that is highly weighted to the altitude of the tropopause and the lowermost stratosphere because this region makes the greatest contribution to the total ozone column. Time series of the zonal average total ozone and the latitudinal derivative from TOMS, CTM FVGCM , and CTM FVDAS are shown for 40°S-40°N in Figure 9 . Both simulations bear a resemblance to TOMS. The ozone in the tropics is somewhat Figure 7 . Time series at 500 K of the ratio NO y /O 3 Â 1.e3 (a) calculated using CTM FVGCM winds, (b) calculated using CTM FVDAS winds. Time series at 500 K of the latitudinal derivative of NO y /O 3 Â 1.e3 (c) calculated using CTM FVGCM , (d) calculated using CTM FVDAS . Note that the range of values in Figure  7c is twice the range of values in Figure 7d . In both Figures 7c and 7d , the latitude of the steepest gradient in the Northern Hemisphere during fall is poleward of its spring location. lower in CTM FVDAS than in CTM FVGCM , suggesting that the tropical upwelling and the overall strength of the residual circulation are stronger in CTM FVDAS than in CTM FVGCM [Jackman et al., 1991] . CTM FVGCM represents the poleward migration of the low values during autumn of the both hemispheres better than CTM FVDAS .
[30] Comparison of the absolute values of the derivatives with respect to latitude gives a more critical perspective than comparison of the fields themselves. In the previous section, comparisons of NO y /O 3 observations with CTM fields revealed large differences between CTM FVGCM and CTM FVDAS . This is also true for comparisons with the total ozone observations. Early in the year, the latitudinal gradient of total ozone from TOMS is smaller than 2 DU per degree latitude throughout the region within 20°of the equator. During Northern Hemisphere autumn, this region extends to higher northern latitudes. This is consistent with the NO y /O 3 observations and supports the notion of homogeneous, isolated tropics. The CTM FVGCM shows a region of small gradients of latitudinal extent similar to that observed. There is also an extension of this small gradient region to higher northern latitudes during Northern Hemisphere autumn. In CTM FVDAS , the region of small gradient decreases significantly during spring and summer, then becomes larger again in the fall. This decrease suggests that middle latitude air is being mixed into a region that maintains a tropical character in both CTM FVGCM and the observations.
[31] Histograms of the distributions of 1998 TOMS and column ozone for 15°S-15°N, and for latitudes between 15°a nd 40°are given in Figure 10 . The TOMS data are averaged into 4°latitude by 5°longitude resolution, and grid boxes with missing data are eliminated from the CTM fields. The most probable values, means, and standard deviations of the distributions are also provided in Figure 10 .
[32] There are differences and similarities in the observed and modeled distributions. The CTM FVDAS mean is close to the TOMS mean and lower than the CTM FVGCM mean, consistent with stronger upwelling in CTM FVDAS than CTM FVGCM [Jackman et al., 1991] and with the younger age of air in CTM FVDAS than CTM FVGCM . The distributions from CTM FVDAS and CTM FVGCM do not reproduce the double-peaked structure exhibited by TOMS. The distribution from CTM FVDAS is broader than that from CTM FVGCM . The CTM distributions for 15°-40°latitude differ, and the distribution for the simulation driven by CTM FVGCM is more similar to the observed distribution. About 6% of the total ozone values from CTM FVDAS are greater than 400 DU, a value never observed by TOMS during 1998. The most probable value of the CTM FVDAS distribution is 15 DU (5%) greater than that of the observed distribution, and the standard deviation is 12.3 DU (43%) greater.
Comparisons of CTM Ozone With SHADOZ Data
[33] Histograms for the partial ozone column between 140 and 57 hPa calculated from the ozonesondes, CTM FVGCM and CTM FVDAS are shown in Figure 11 . The distributions represent different latitude bands; sonde stations between 14°S and 6°N (391 profiles) are tropics and those between 18°S and 26°S are subtropics (340 profiles).
[34] In the tropics the shapes of the distributions from the ozonesondes and CTM FVDAS are similar, with virtually identical standard deviations ($4.5 DU). The distribution from CTM FVGCM is more strongly peaked than those from the sondes or CTM FVGCM . The CTM ozone distributions are high biased; the mean and most probable values of the CTM distributions are about 5 DU greater than those of the sonde distribution.
[35] The shape of the sonde distribution in the subtropics is nearly the same as the shape in the tropics, and the sonde distribution in the subtropics is shifted about 2 DU to higher values relative to that for the tropics. For CTM FVGCM , the shapes of the distributions in the tropics and subtropics are similar, and the subtropic distribution is shifted about 5 DU relative to the tropics. The distribution from CTM FVDAS in the subtropics is much broader than the observed distribution, and its shape differs markedly from the shape of the tropical distribution from CTM FVDAS , showing unrealistic transport between the tropics and subtropics.
[36] The shape in the distribution in the subtropics and its similarity to the shape of the distribution in the tropics provides a sense of the improvement in the quality of simulations obtained with successive DAS. Distributions for simulations using winds from the TRMM and Terra DAS are also given in Figure 11 . These partial columns calculated using the same CTM but different meteorological input show greater variability in the subtropics relative to the tropics than CTM FVDAS . Furthermore, the tropics exhibit far more variability than that observed or found in CTM FVDAS . The expectation that the smoother potential vorticity for FVDAS shown in Figure 2 would be accompanied by more realistic transport is realized, but large differences remain.
[37] Tropical ozone from either CTM FVDAS or CTM FVGCM is high biased when compared with sondes and with total column ozone from TOMS. The total column comparison is actually worse than it appears. The simulated column ozone should be systematically low with respect to TOMS in the tropics because TOMS contains contributions from the troposphere and tropospheric production of ozone is absent from the CTM. Changes in the residual circulation cannot resolve all the discrepancies between observations and the CTM results, because an increase in the strength of the upwelling or increase in the latitude breadth of upwelling that would bring the CTM ozone into better agreement with observations would surely further degrade the age of air calculation. Despite the larger upwelling in the tropics in CTM FVDAS relative to CTM FVGCM , the most probable ozone value of CTM FVDAS is significantly higher than that of the ozonesondes. A problem with ozone photochemistry is suggested by this comparison; further discussion will follow comparisons of calculated methane and ozone with that observed by HALOE.
Comparison of Ozone and Methane With HALOE Observations
[38] The data record from the HALOE instrument is more than 10 years in length, and the observed variability of stratospheric methane on interannual, semiannual, and seasonal timescales provides insight into the stratospheric circulation and transport [e.g., Ruth et al., 1997; Randel et al., 1998 ]. The HALOE data for 1998 and 1999 are organized according to sweeps (see Figure 1) for comparisons with the CTM ozone and methane to illustrate the seasonal variation in the tropics. The HALOE mixing ratios for each sweep are shown as functions of latitude in Figures 12  and 13 . CTM sweeps are obtained by sampling CTM output following the HALOE pattern and are also given in Figures  12 and 13 . The differences between observed and simulated sweeps are also given in these figures to facilitate the comparison. Note that the comparisons for 1998 (QBO easterly) are shown separately from 1999 (QBO westerly) to emphasize differences between the two years that may be due to the QBO. The sweeps are identified by the colors of the plotting symbols; the months during which the sweeps take place are given on the bottom of the figure. The mean, the standard error of the mean, and standard deviation are provided for all observations that fall between 15°S and 15°N for each year and for observations between 15°N and 40°N or 15°S and 40°S in Table 2 (ozone) and Table 3 (methane). Both instrument noise and atmospheric (or CTM) variability contribute to the standard deviation. The mean values are well determined because the standard error of the mean (the standard deviation divided by the square root of the number of observations minus one) is small. Comparisons of the mean values can be significant even when the standard deviation is large. The standard deviation of a measured distribution is dominated by atmospheric variability if the measurement error is small; the standard deviation of a modeled distribution reflects variability in the simulation.
[39] HALOE O 3 (Figures 12a and 12f ) and CH 4 ( Figures  13a and 13f) show little seasonal variation during 1998 or 1999 between 15°S and 15°N. However, some interannual differences are apparent. In 1999 (QBO westerly), HALOE ozone between 15°S and 15°N is elevated compared with 1998 (QBO easterly) (compare Figures 12a and 12f ). This is consistent with the lofting during the QBO easterly relative to QBO westerly as suggested by analysis of aerosol observations reported by Trepte and Hitchman [1992] . HALOE methane does not exhibit a signature related to the phase of the QBO at this pressure because its vertical gradient is close to zero.
[40] Seasonal variation is apparent at higher latitudes. South of 15°S, the HALOE O 3 (CH 4 ) is higher (lower) during winter (July, September) than summer (December, March). This seasonal signature is seen in both years of HALOE observations and is apparent in O 3 and CH 4 from CTM FVGCM (Figures 12b-12g and 13b-13g) but not in CTM FVDAS (Figures 12d -12i and 13d -13i) . North of 15°N, both seasonal and interannual differences are apparent. The March 1998 ozone mixing ratios are the largest observed by HALOE during this period, and the December 1998 mixing ratios are the lowest seen in 1998. In contrast, the December 1999 ozone mixing ratios exceed the March 1999 mixing ratios. The methane mixing ratios behave opposite to ozone mixing ratios because the spatial gradients of methane are opposite to those of ozone, e.g., the December 1999 CH 4 mixing ratios are the lowest. The seasonal signatures for methane are much less pronounced than for ozone because the methane gradients are small relative to the ozone gradients.
[41] As shown in the comparisons of temperature with observations, the QBO is evident in the wind fields produced by FVDAS, but the FVGCM does not produce a QBO thus the QBO in the FVDAS fields is forced by observations. During 1999, the zonal wind near 46 hPa is westerly (Figure 4b) , and the scatter in ozone calculated using CTM FVDAS is increased at all latitudes relative to that seen in CTM FVDAS fields during 1998 (compare Figure 12e with Figure 12j ). Since the GCM zonal winds are always easterlies, the increase in scatter may indicate a relationship between the noise in CTM constituent fields and the difference between the base state of the core GCM used in the assimilation and the observed state. The standard deviation of CTM FVDAS ozone between 15°S and 15°N at 46 hPa (Table 2) is larger during 1999, the westerly phase of the QBO when the difference between the core GCM wind field and the observations is largest (Figure 4b ). The standard deviations of the HALOE observations for ozone (Table 2) are nearly the same for the 2 years within each latitude region.
[42] HALOE methane in the subtropics and middle latitudes falls off relative to the tropics due to methane loss at higher levels combined with both horizontal and vertical transport. The comparison of CH 4 from CTM FVGCM with HALOE CH 4 suggests an appropriate balance in CTM FVGCM . Figures 13c -13h show no latitude dependence in the difference between observed and calculated methane. The increased scatter in the difference at latitudes greater than 15°is not unexpected since the FVGCM does not correspond to a particular year. Figures 13e-13j show no bias between HALOE CH 4 and that from CTM FVDAS in the tropics but bias for latitudes greater than 15°. The difference between the average methane between 15°S and 15°N and the average methane between 15°and 30°is nearly 30% smaller for CTM FVDAS than for HALOE or CTM FVGCM (Table 3) . This is consistent with stronger upwelling in CTM FVDAS than CTM FVGCM . The descent of lower methane air is also stronger in CTM FVDAS than in CTM FVGCM , but the methane vertical gradient is weak and the excess horizontal transport is dominant.
[43] The ozone comparisons and the age of air differences are consistent with stronger upwelling in CTM FVDAS than CTM FVGCM between 15°S and 15°N. Figures 12e -12j show a smaller bias relative to HALOE O 3 between 15°S and 15°N for O 3 from CTM FVDAS than from CTM FVGCM (Figures 12c -12h) . The decrease in the ozone bias is a result of the stronger circulation; the improved ozone (Figures 12c -12h ). Excessive downward transport acting on the steep O 3 vertical gradient contributes to the ozone overestimate at middle latitudes.
Implications for CTM Photochemistry
[44] Between 15°S and 15°N and between 100 and 46 hPa, the observed seasonal change in O 3 is small. The most important terms in the continuity equation are production and vertical advection (decreases O 3 ) [Ko et al., 1989; Avallone and Prather, 1996] . The seasonal change in CH 4 between 15°S and 15°N and between 100 and 46 hPa is also small, and CH 4 loss is nearly negligible. The mean of the observed subtropical methane distribution is significantly smaller than the mean in the tropics. Figure 13 shows that CTM FVGCM reproduces many aspects of the seasonal cycle in HALOE CH 4 . In the subtropics, the root mean square difference between CTM CH 4 and observations is small compared with the standard deviation of the observations. In contrast, CH 4 from CTM FVDAS is systematically high biased with respect to observations for latitudes greater than 15°.
[45] Probability distribution functions (PDFs) for ozone and methane at 46 hPa from HALOE and from both simulations are shown in Figure 14 . Each panel contains PDFs determined from tropical and subtropical observations. All observations during 1998 and 1999 within the specified latitude limits are grouped together (more than 1500 observations in the tropics, more than 2300 observations within 15°S-40°S and 15°N-40°N ). In the tropics, the distributions of HALOE CH 4 are similar to the distributions from the two simulations. The CH 4 vertical gradient is very weak, thus this comparison provides no information about the vertical motion. The HALOE subtropical CH 4 distribution is broader than that of the simulations, and the mean value and standard deviation of the HALOE distribution (1.48 ± 0.03, 0.1 ppmv) are more similar to those for CTM FGGCM (1.44 ± 0.02, 0.084 ppmv) than for CTM FVDAS (1.53 ± 0.03, 0.065 ppmv). This comparison is consistent with excess horizontal transport and mixing between the tropics and the middle latitudes in CTM FVDAS .
[46] A high bias in CTM ozone is found in the tropics and in the subtropics for both simulations. In the tropics, the mean of the ozone distribution from CTM FVDAS (1.79 ± 0.04 ppmv) is closer to the HALOE mean (1.55 ± 0.03 ppmv) than that of CTM FVGCM (1.87 ± 0.04 ppmv). Ozonesonde values are also closer to those calculated using CTM FVDAS than to those calculated using CTM FVGCM . However, it is not possible to bring calculated O 3 into agreement with observations without degrading the comparisons for CH 4 and the age of air. The ozone comparisons are consistent with the conclusion that the circulation in CTM FVGCM is weaker and more realistic than the circulation for CTM FVDAS if there is also an error in stratospheric ozone production. We summarize the chain of reasoning that supports this conclusion:
[47] 1. To bring the ozone from either CTM simulation into agreement with observations in the tropics, it would be necessary to increase the tropical upwelling. Although this possibility is not eliminated by the methane comparisons (because of the weak vertical gradient of CH 4 ), an increase in tropical upwelling would lead to even younger tropical stratospheric air.
[48] 2. CTM ozone and CH 4 have opposite horizontal and vertical gradients in the tropics and subtropics, and the mixing ratios of both exceed observations in the subtropics. It is not possible to reduce both of these constituents in the subtropics by changing the balance of transport processes. For example, increased downwelling in the extratropics would reduce methane but increase ozone.
[49] 3. If CTM ozone production were excessive, the local ozone would be too high: if the upwelling in CTM FVGCM is correct and feedbacks are neglected, the inferred error in production would be about 25%. Transport to the middle latitudes would be also be excessive by the same percentage. Reducing the production in the lower stratosphere would improve agreement of ozone from CTM FVGCM with observations in the tropics and subtropics without affecting the good agreement already present for methane and for the age of air.
[50] 4. The ratio NO y /O 3 for CTM FVGCM agrees fairly well with observations ( Figure 8) . A small decrease in the O 3 would be accompanied by a small decrease in NO y , since the growth in NO y from the tropopause to ER-2 altitudes is controlled by local production through reaction of N 2 O with O( 1 D) and vertical advection. Thus it is expected that such a change in production would not place the ratio NO y /O 3 from CTM FVGCM outside the range of the observations.
[51] In the CTM, the production of ozone through photolysis of O 2 is excessive at least partly because CTM tropical ozone at about 2 hPa is $20% lower than that observed by HALOE. This ozone deficit, which allows greater penetration of radiation contributing to photolysis of O 2 , is caused by ozone destruction in the upper tropical stratosphere. The CTM mixing ratio for NO x $ NO + NO 2 + 2 N 2 O 5 is $40% higher than sunset HALOE NO + NO 2 at 2 hPa. Such complex interactions among processes emphasize the requirement for scrupulous evaluation of multiple parameters in assessment models.
Discussion and Conclusions
[52] CTMs driven by DAS fields have played an important role in the interpretation of observations of stratospheric constituents from all platforms. However, this useful application for synoptic to seasonal timescales does not guarantee that the transport produced in a decadal scale calculation will meet the requirements for a meaningful long-term assessment. The comparisons shown here highlight some of the problems with the transport produced by these systems, and have implications both for future applications of CTMs such as this one and for improvements in the assimilation system. Transport in the tropics and subtropics from CTM FVDAS is shown to differ significantly from that produced by CTM FVGCM , and the transport from CTM FVGCM is found to be somewhat more realistic. Douglass et al. [1999] developed objective criteria for evaluating transport from three sets of meteorological fields, and also found that more realistic transport was produced by winds from a general circulation model than by winds from an assimilation system. For multiyear assessment calculations the realism of the integrated CTM transport is paramount.
[53] In current assimilation systems, adjustments are made to the prognostic quantities such as temperature, wind, and moisture. Other parameters such as diabatic heating and precipitation respond to these adjustments. Data assimilation techniques assume that the observations and core GCM are unbiased. The comparisons made in this study show that the impact of the data insertion is significant where there is bias between the core GCM and observations. Dee and da and Dee and Todling [2000] have studied techniques to correct bias based on observational information within a three-dimensional variational assimilation system. Griffith and Nichols [2000] have studied the problem of correction of systematic errors within a four-dimensional variational framework. These studies show that bias can be accommodated during the assimilation process. However, the physical or discretization errors that are responsible for the generation of the bias in the first place are not corrected. The impact on derived quantities is seen when the assimilated fields are used in applications such as CTM simulations that are sensitive to aspects of the transport that respond to the implicit forcing.
[54] The comparisons shown suggest that overall transport from a CTM driven by assimilation will be flawed if the underlying GCM lacks the physical processes necessary to produce a QBO. Representation of the QBO in the GCM is necessary to eliminate a particular source of bias, but such improvement to the core GCM does not guarantee that all bias and concomitant flaws in the tropical transport will be eliminated. It is likely that any systematic bias will impact the transport produced by assimilated wind fields, however, a bias in the tropics will have a larger impact on the global transport than a bias of similar magnitude at higher latitude due to the greater area and mass involved in the tropics. We note that the apparent excessive tropical transport diagnosed by tracer studies in this paper is consistent with the results of the trajectory studies of the assimilation systems and the FVGCM performed by Schoeberl et al. [2003] .
[55] Here we have used the differences between fields for tracers and ozone produced by CTM FVDAS and fields produced by CTM FVGCM to achieve what has long been promised, i.e., to identify flaws in constituent behavior that are consistent with problems in CTM photochemistry. The analysis depends on the comparison between the results from CTM FVDAS and CTM FVGCM as well as the comparisons with observations, and could not be completed by comparisons of observations with a single simulation driven by DAS fields. Finally, we emphasize that excess horizontal mixing is as detrimental to the quality of a simulation as overly vigorous vertical transport because this also upsets the balance between the transport and photochemical terms. It remains a challenge for assessment models to demonstrate that the appropriate balance between photochemical and transport contributions to continuity equations is maintained at all latitudes and altitudes. Development of a general circulation model that will not exhibit persistent bias with respect to meteorological observations is a necessary step toward realization of the potential contributions of assimilated data sets to assessments of trace gas transport.
